Abstract Ultrasound and magnetic resonance imaging currently offer a detailed analysis of the peripheral nerves. Compressive and traumatic nerve injuries are the two main indications for imaging investigation of nerves with several publications describing the indications, technique and diagnostic capabilities of imaging signs. Investigation of entrapment neuropathies has three main goals, which are to confirm neuronal distress, search for the cause of nerve compression and exclude a differential diagnosis on the entire nerve. For traumatic nerve injuries, imaging, predominantly ultrasound, occasionally provides essential information for management including the type of nerve lesion, its exact site and local extension.
General details Nerve anatomy
Peripheral nerves are made of many fascicles which themselves are made of numerous nerve fibers. Each nerve fiber is contained in a supporting tissue layer known as the endoneurium and each fascicle is surrounded by the perineurium, whereas the nerve is contained within a peripheral sheath known as the epineurium. The epineurium receives arterioles and venules, which provide neuronal vascularization [2] .
Ultrasound appearance of peripheral nerves
The internal architecture of the nerve on ultrasound has a ''pseudo-ovular'' appearance. The fascicles are hypoechogenic surrounded by hyperechogenic epineural supporting tissue. This appearance differs from the more hyperechogenic, finely fibrillar and anisotropic appearance of tendons. The thickness of the nerve is influenced by gender [3] [4] [5] and possibly by weight [5] and patient age [3, 4] .
MRI anatomy of peripheral nerves
The signal of normal peripheral nerves is identical to that of adjacent muscles on T1-and T2-weighted MR images but may be slightly more intense on T2-weighted images [6, 7] . Like the tendons, nerves are subjected to ''magic angle'' artifacts [8] . Because of the existence of the ''blood-nerve'' barrier, the normal nerve does not substantially enhance after intravenous administration of gadolinium chelate [6] .
Entrapment neuropathies

Pathophysiology of nerve compression
Nerve compression results in a pathophysiological cascade in which microcirculatory disorders play a key role. It has been shown in animal models that nerve compression rapidly reduces the circulation in venules [9] . Prolonged compression results in ischemia, which itself causes blood vessel endothelial permeability abnormalities in the endoneurium, which are responsible for intrafascicular edema [10] [11] [12] . The resultant raised intrafascicular fluid pressure persists and maintains neuronal compression because of the blood-nerve barrier and the small number of lymph vessels within the endoneurium [2] .
At an early stage of compression, neuronal ischemia results in axonal transport abnormalities, which cause only symptomatic reversible damage [2] . At a later stage, the epineural and endoneural interstitial edema is combined with structural changes in the nerve, initially involving damage to the myelin sheath (persistent or recurrent symptoms) and then later, axonal damage causing actual signs of denervation (sensory disorders and muscle wastage). Recovery of the nerve by axonal growth is then slow and occasionally incomplete at this stage. In the long term, peri-and endoneural edema is believed to activate fibroblast recruitment, leading to fibrosis of the supporting tissues [10] .
Because the nerve is fixed as a result of the edema, the inhibition of gliding may induce stretching lesions which are also harmful [2] . In addition, proximal compression of the nerve renders it more liable to distal compression, and vice versa. This effect is known by the term of ''double crush syndrome'' [13] , which should be considered if treatment fails at a given level.
Ultrasound appearance of nerve compression
Investigation of nerve canal symptoms has three purposes: to confirm nerve distress, investigate for an anatomical or extrinsic cause for the neuronal compression and to look for a differential diagnosis throughout the length of the nerve (particularly a neurogenic tumor).
The signs of compressive nerve distress consist of local thickening of the nerve, hypoechogenicity with loss of its fasciculated appearance and intra-neural hypervascularization in color or power Doppler (Fig. 1) . Pathophysiologically, the hypoechogenicity and increased diameter of the nerve occur as a result of the edema developing in the endo-and perineural spaces (Fig. 2) . By consensus, nerve thickening is quantified by measuring the cross-sectional area (CSA). Measurement using a continuous trace is preferable to an elliptical ROI, defining the contour of the nerve from inside its peripheral hyperechogenic rim. This technique has been shown to offer good reproducibility for both the median and ulnar nerves [14] [15] [16] [17] . The increase in diameter, often extending along the nerve, results in a characteristic imprint longitudinally when it passes beneath the compressive arcade.
Intra-neural hypervascularization is clearly visible on high-resolution ultrasound. Any intra-neural Doppler signal should be considered as an indicator of abnormal hypervascularization [17] [18] [19] . Power Doppler appears more effective than color Doppler to detect slow flow in the nerve [20] .
Whilst direct visualization of compressive fibrous arcades is often considered to be difficult, investigation for an extrinsic compressive mass is the second key objective of ultrasound. This includes, for example, supernumerary muscles, arthrosynovial cysts and joint or tendon sheath tumors. Although the precise level of the lesion is often strongly suggested by electromyography, routine scanning of the nerve over its entire length using the ''lift'' technique should be used systematically in order to not miss a remote lesion such as a neurogenic tumour.
Finally, dynamic investigation of the nerve is a useful adjunct to static examination, because it may show reduced neuronal mobility as a result of compression (for example at the wrist) or abnormally increased mobility because of chronic instability (particularly at the elbow).
MRI appearance of nerve compression
Visualization of direct signs of nerved distress on MRI is inconstant [6, [21] [22] [23] [24] ]. An increased signal on T2-weighted images indicates neuronal edema although this feature is not specific because it can be observed in asymptomatic patients [6, 7, 25, 26] . Conversely, a decrease in signal intensity on T2-weighted images occurs less commonly in neuronal fibrosis at an advanced stage [25] . Nerve enhancement is absent in the normal state and may be seen after intravenous administration of gadolinium chelate in nerve distress [6] . Morphological nerve changes may be visible although measurement of these is less satisfactory than with ultrasound because of poor spatial resolution and difficulties visualizing the nerve in its length.
In experimental nerve damage, signs of muscle denervation appear early (from 24 h) as a moderate rise in signal intensity on STIR images in the affected area [27] . This sign, which has limited sensitivity in chronic nerve compression, may be helpful when direct signs of nerve distress are absent [28] , pending a knowledge of motor territories of the different upper limb nerves [29] . In advanced chronic damage, muscle atrophy and fatty changes are detected more easily than on ultrasound. MRI is only a second-line investigation in addition to ultrasound to look for signs of muscle denervation, to identify a compressive mass and in a postoperative context [30] . The investigation protocol is often limited to T1-and T2-weighted images with fat suppression in the transverse plane, combined with T1-weighted fat-suppressed images obtained after intravenous administration of gadolinium chelate in the transverse plane preoperatively for lesion characterization although these are used routinely postoperatively, particularly to search for small fibrous scars.
Median nerve at the wrist
Compression of the median nerve at the wrist known as the ''carpal tunnel syndrome'' (CTS), is the most common upper limb compressive neuropathy and occurs as a result of compression of the nerve beneath the flexor retinaculum. Although it is usually idiopathic, many causes are described, particularly including tumors and pseudomasses inside the canal, including tumors of the median nerve itself (schwannoma, fibrolipoma), tenosynovial hypertrophy and supernumerary muscles. The 2013 guidelines of the French National Health Authority (HAS) indicate that carpal tunnel imaging is useless in case of typical clinical scenario but is indicated when unusual symptoms are present such as occurrence during an effort, a young age, a sudden onset, a suspected responsible underlying disease and in case of diagnostic uncertainty (negative EMG), or failure or recurrence after surgery [31] .
Preoperative imaging
Ultrasound
Increased cross-sectional area (CSA) of the median nerve is recognized to be the best performing parameter, although there is no consensus about the cut-off value to be used, which ranges depending on the study between 9 and 15 mm 2 [14, 15, [17] [18] [19] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . A cut-off of 11 mm 2 however appears to be often used (Table 1) . A uniform cut-off value however may be questioned because of interindividual physiological variations [3] [4] [5] . Some authors have proposed standardizing the technique by incorporating the difference in nerve CSA measured in the canal tunnel and more proximally, 12 cm towards the elbow [45] or next to the pronator quadratus muscle, which is easier to perform [41] . Klauser et al. reported that a difference greater than 2 mm 2 results in a sensitivity of 99% and a specificity of 100% for the diagnosis of carpal tunnel syndrome [42] . Hunderfund et al. and Tajika et al. confirmed that this diagnostic method offers good diagnostic performance [43, 44] .
In the specific case of a bifid median nerve, the optimal threshold values are the same or slightly greater than those found without a bifid nerve. Using a threshold value of 11 mm 2 Bayrak et al. found a sensitivity of 90% and a specificity of 99% [46] . Using a threshold value of 12 mm 2 Klauser et al. found a sensitivity of 84.9% and a specificity of 46.5% (Fig. 3) [47] . Klauser et al. proposed using a delta CSA of 4 mm 2 in the forearm to improve the diagnostic performance of the measurement, yielding a sensitivity of 92.5% and a specificity of 94.6% [47] .
Measurement of the CSA at the carpal tunnel outlet has also been discussed. Some authors consider this to be of limited value and difficult to perform [15, 43, 48] , whereas others believe that it increases the sensitivity of the investigation [49, 50] . In any event, ultrasound examination of the canal to its distal end is essential to detect isolated nerve distress at this level and to identify a deep occult compressive cause, such as a synovial palmar cyst (Fig. 4) .
Intra-neural hyperemia is a useful sign for the diagnosis of nerve distress with sensitivity ranging from 41 to 95% and specificity from 71 to 100% [18, 19, [51] [52] [53] . These differences are probably due to variations in protocols, which limit its validity [20] . Overall, hypoechogenicity of the nerve with loss of fasciculated structure, although subjective, is a strong variable when combined with the above-mentioned signs. In addition to these three most classical signs of CTS, increased carpal tunnel pressure may result in palmar bulging of the flexor retinaculum. This is assessed by measuring the distance between the end point of the retinaculum and a virtual line traced between the apex of the trapezium tubercle and the hamulus of the hamate. A value of ≥ 2-4 mm is significantly associated with CTS [15, 17, 19, 35] . The flattening index, which is the ratio of the greater to smaller diameter of the nerve, is pathological if it is over 3 [17, 19, 33, 37] . These criteria, however, are not widely used in everyday practice.
Finally, dynamic flexion-extension of fingers can be used to assess transverse mobility of the median nerve beneath the flexor retinaculum and may be reduced in CTS [17, 54, 55] . This is assessed subjectively in the absence of a validated quantitative criterion and may provide additional diagnostic information in some cases. A comparative analysis with the contralateral side is often very useful.
All studies agree that in the absence of a consensus about the diagnostic ultrasound criteria and in view of the recognized performance of EMG, it cannot at present be replaced by ultrasound [56] . Whilst EMG provides important prognostic information before surgical release regarding the severity of nerve damage, ultrasound is difficult to use in this situation because of conflicting results [57] [58] [59] [60] . One indisputable advantage of ultrasound, however, is its ability to depict a compressive mass. Of these, supernumerary muscles are a rare cause of CTS occurring on effort and resolving at rest. The muscles must be seen within the carpal tunnel in the resting position to be incriminated as the cause of CTS. Other masses arising both from joints (cysts or synovial tumors), or in the tendon sheaths (tenosynovitis, sheath tumors, etc.) may be seen on ultrasound (Fig. 5) . Two tips can be recommended for this on ultrasound examination of the carpal tunnel. In order to circumvent the anisotropism of the flexor tendons due to their oblique path running deeply, the first tip is to incline the probe upwards and downwards to recognize them and ensure that there is no ectopic mass non-subject to the anisotropic effect present in the canal. The second tip is to examine the canal to its distal end in order to not miss a deep compressive lesion vel. 
MRI
MRI offers a poorer spatial resolution than ultrasound. It is of limited use to make a positive diagnosis of CTS [6, 22] and is performed as a second-line examination, particularly to identify a cause of extrinsic compression seen on ultrasound [59] .
Postoperative imaging
Postoperatively, the time course of symptoms is helpful to determine the actual cause. Identical persistence of symptoms suggests incomplete section of the flexor retinaculum, nerve compression at a site other than the carpal tunnel suggests iatrogenic nerve damage (rare) or a compressive mass which has been missed before surgery. Recurrent symptoms after a symptom-free period should suggest perineuronal fibrosis. Whilst ultrasound has an indisputable role in the diagnosis of a compressive mass, its performance in diagnosing persistent nerve distress and inadequate surgical release is less certain. Whilst several authors have shown that a median nerve operated on successfully tends to reduce gradually in thickness over the weeks after surgical release [61] [62] [63] [64] , others have shown an increase in CSA despite recovery [65] . The utility of such ultrasound monitoring is hindered by the fact that preoperative ultrasounds are often not present in the patients' records. In any event, isolated use of the postoperative CSA is difficult as a nerve which has been distressed for a period of time appears to retain some scar-ring hypertrophy despite symptoms disappearing [64] [65] [66] . In a prospective series of 24 patients and 44 wrists treated surgically, Kim et al. reported a mean preoperative CSA of 14.5 mm 2 , compared to 13 mm 2 at 3 weeks and 11.5 mm 2 at 3 months after surgery [67] . The presence of increased signal intensity of the nerve on T2-weighed images is not specific after surgery [30] .
Inadequate median nerve release is difficult to assess by imaging. This is suggested on MRI when the median nerve and most palmar flexor tendons are located on the surface of a line joining the trapezium and hamate in the transverse plane [30] . In our experience inadequate transverse translation of the nerve during flexion-extension finger movements on ultrasound is a useful sign, but highly subjective (Fig. 6) .
Perineuronal fibrosis is relatively straightforward to diagnose on imaging. It appears on ultrasound as an irregular, poorly delineated hypoechogenic perineuronal area fixing the nerve during dynamic finger flexion-extension movements. It may adjacent to the palmaris longus on the surface (superficial fibrosis) or in contact with the flexor tendons (deep fibrosis). On MRI, perineuronal fibrosis presents as a poorly delineated, low intensity area on T1-and T2-weighted image, that shows enhancement after intravenous administration of a gadolinium chelate [30] .
Median nerve at the elbow
Compression of the median nerve at the elbow is very rare. Three main compression sites are found. They include the path beneath the aponeurotic expansion of the biceps or lacertus fibrosus, promoted by a thickening scar; the path between the humeral and ulnar heads of the pronator teres, which is the most common; and the fibrous arch of the superficial finger flexor, more distally. The second two of these are grouped into the same clinical entity called the pronator teres syndrome. This may be secondary to repeated pronation-supination movements when the humeral (or superficial) head of the pronator teres applies repeated mechanical compression onto the median nerve.
The supracondyloide process syndrome is secondary to a rare anatomical variant and involves compression of the median nerve in a tunnel formed by the bony spur of the same name arising 5 cm above the medial epicondyle, which is clearly visible on plain radiographs and is prolonged by a Struthers ligament which returns to the medial epicondyle.
Ulnar nerve at the elbow
The ulnar tunnel syndrome (UTS) is the second most common upper limb neuropathy. The ulnar tunnel is delineated internally by the posterior bundle of the ulnar collateral ligament and the joint capsule and externally by the ulnar tunnel retinaculum (formerly the ligament of Osborne) which runs between the olecranon and the medial epicondyle. This retinaculum may be absent, which predisposes to anterior luxation of the nerve, or it may be replaced by the medial aconeous muscle which is present in 3 to 28% of people [68] . The diagnosis of ulnar tunnel syndrome is based on a combination of a detailed clinical examination, EMG and ultrasound.
Pathophysiology
Damage to the ulnar nerve at the elbow occurs as a result of different isolated or combined mechanisms including compression, stretching and friction. The volume of the tunnel reduces in flexion as a result of the ulnar tunnel retinaculum being placed under tension and bulging of the medial collateral ligament causing increased pressure in the tunnel with a risk of compression following prolonged or repeated elbow flexion. Any compressive structure in the tunnel may also be involved, both constitutional (medial aconeous muscle, defective hollowing of the medial epicondyle or congenital hypoplasia of the trochlea) or acquired (thickening of the medial collateral ligament, epicondylar groove osteophyte, synovial pannus, cysts etc.). Friction is secondary to nerve instability in flexion which is then located across the apex of the medical epicondyle (subluxation) or anteriorly (luxation). The frequency of subluxation on ultrasound is 14-27% compared to 6.7-20% for luxation in both asymptomatic people and patients [3, [69] [70] [71] . Its role in development of symptoms, however, is debated in view of the high prevalence of instability in asymptomatic people (16% subluxation) [3] .
Imaging
Ultrasound
In the normal state, the average CSA of the ulnar nerve next to the medial epicondyle immediately proximal to the ulnar tunnel ranges between 6.6 ± 1.7 mm 2 and 7.9 ± 3.1 mm 2 [4, 69] . Several large bundles can occasionally be seen and are of no pathological significance [4, 69] . Beyond 90
• flexion, the nerve flattens physiologically [69, 72] . An increase in the CSA is the best indicator of ulnar nerve distress although there is no consensus about the best cut-off value [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] . However, a value of 10 or even 11 mm 2 appears to offer a good compromise (Fig. 7) (Table 2) .
Similar to the carpal tunnel, a comparison of maximum CSA of the nerve at the elbow against a reference value for a given patient measured in the forearm or middle third of the humerus is proposed by some authors and offers good diagnostic performance with a thickening ratio > 1.5 [74, 77, 79] . However, it does not appear to perform better than measuring the CSA alone only at the site of maximum thickening, although may be particularly useful in unusually short or tall people. Ultimately, the simultaneous use of the CSA value and a CSA ratio would offer the best diagnostic performances [74, 76, 79] .
A dynamic study should be performed routinely during ultrasound in order to search for instability of the nerve, which although of uncertain pathological significance needs to be known by the surgeon (Fig. 8) .
MRI
MRI must be performed with the elbow in extension. The ulnar nerve is identified on T1-weighted images as a round or ovoid structure. The isolated presence of an increased intensity of the nerve on T2-weighted images at the level of the medial epicondyle should not lead to the diagnosis of UTS as this is seen in 60% of asymptomatic people [7] . A raised signal intensity of muscle on STIR images reflects denervation of the flexor carpi ulnaris, the deep finger flexor and the intrinsic muscles of the hand which depend on the ulnar nerve [6, 29] .
Postoperative imaging
There is limited available data in the literature on the ultrasound appearances of an ulnar nerve after neurolysis or anterior transposition whether or not the outcome is satisfactory. In our experience, morphological abnormalities of the nerve may last for a long period of time after surgery. Recurrence of UTS due to formation of a new sheath site may occur in which case imaging may help to establish the specific site of the nerve distress before surgery [26] .
Ulnar nerve at the wrist: Guyon's tunnel syndrome
This is the second ulnar nerve compression site in the upper limb. It is rarely idiopathic and any mass in the proximal Guyon's tunnel can compress the nerve (cyst, venous malformation or supernumerary muscle). Anatomical variants at this point are very common particularly an accessory 5th finger accessory abductor muscle (24% in a series of asymptomatic patients) (Fig. 9 ) [82] . This is only rarely responsible for nerve compression. In the distal canal or more distally in the palm of the hand the superficial branch of the nerve is vulnerable to direct injuries. Ultrasound is the first-line imaging modality to investigate the nerve although MRI can be effective in examining the hypothenar region [83] . Whilst the usual signs of nerve distress may be seen, ultrasound is used mostly to identify an extrinsic compressive mass (Fig. 10) . MRI should be used in atypical situations, when the EMG is non-contributory, or if a tumour is found on ultrasound.
Radial nerve at the elbow
Anatomical and clinical aspects
At the elbow, the radial nerve divides into a superficial sensory branch and a deep motor branch known as the posterior interosseous nerve. Damage to the radial nerve at this point may result in two different clinical pictures: the radial tunnel syndrome which involves mostly pain and mimics lateral epicondylitis and the posterior interosseous nerve syndrome which is rarer and paralytic (usually of traumatic origin).
The most classical compression site is Fröhse's arcade which is the proximal edge of the superficial head of the supinator muscle although passing next to the radio-capital joint the fibrous edge of the extensor carpi radialis brevis tendon, the presence of a recurrent radial artery (or ''leash of Henry'') and the distal edge of the supinator muscle have occasionally been implicated. Repeated pronationsupination movements can promote development of a tunnel syndrome. Compression by a mass is rarer.
Imaging
Whilst ultrasound performs well for the detection of median and ulnar nerve tunnel distress due to a tunnel syndrome, the same does not apply to the radial nerve, particularly because of the high prevalence of physiological bulge of the nerve proximal to Fröhse's arcade in our experience, casting considerable doubt on the positive predictive value of this sign ( Fig. 11 ). At present, there are no controlled studies on this sign or reliable cut-off value.
On MRI, denervation muscle edema of the supinator muscle and of the forearm extensor muscles is the most common finding, observed in 52% of patients (Fig. 12) [84] . MRI of the elbow with use of T1-weighted and STIR images centered on the muscles appear to us as the examination of choice when a radial nerve tunnel syndrome is clinically suspected. Ultrasound and MRI are also used to exclude a compressive mass (Fig. 13) .
Radial nerve at the forearm
Wartenberg's syndrome involves damage to the superficial sensory branch of the radial nerve in the distal third of the forearm. This is a differential diagnosis of De Quervain's tendinitis and the crossover of the radial nerves with the extensor pollicis brevis and abductor pollicis longus. Whilst entrapment neuropathy is very rare at this level, traumatic injury is far more common in view of its superficial path towards the wrist.
Future prospects
The role of diffusion tensor imaging has been evaluated in several studies on the peripheral nerves, particularly the median nerve in the carpal tunnel. Researchers have shown a significant reduction in the anisotropic fraction in CTS [85] . Further studies are needed to establish nominal values and pathological cut-offs for each peripheral nerve and compression site.
Elastosonography can show a drop in the elasticity of the pathological median nerve [86] . Nerve supporting tissue fibrosis as a response to interstitial edema and nerve traction lesions is a further parameter that can be used to assess nerve distress.
Traumatic and iatrogenic nerve injuries
Traumatic damage to a peripheral nerve is not particularly rare and has been estimated to occur with an incidence of 13.9/100,000/year in a Swedish study whereas its prevalence may be as high as 2% [87] . Despite care in identifying and protecting neuronal tissues during surgery, iatrogenic injuries are common and account for 17.4% of surgical nerve damage [88] . There are many isolated or combined mechanisms for the injury including partial or total division, stretching, compression, thermal or chemical burns and occasionally ischemia of the nerve [87] .
Acute nerve injuries
Trauma may be direct -either open (a penetrating wound or open fracture), or closed -or indirect due to stretching (luxation). Among bone fractures, humeral fracture causes injury to the radial nerve, which passes immediately next to it, with an incidence ranging between 2 and 18% ( Fig. 14)   Figure 14 . Paralysis of the left hand and wrist extensors 10 days after an open fracture treated by anterograde pinning in a patient with multiple trauma. a: radiograph of the displaced diaphyseal left humeral fracture; b: ultrasound image in the axial plane shows radial nerve damage (white arrow), grade 4 of the Sunderland classification: focal narrowing of the nerve with interruption of the epineuron and loss of fasciculated appearances reflecting damage to the perineuron combined with interruption of the brachial triceps (arrowhead) which suggests it passes through the bone, with damage to the muscle. [89] . It is fundamental in the initial management of an acute nerve injury to establish the degree and type of nerve damage because they have impact on treatment options. In this regard, the greater the disorganization of the neuronal tissue, the less will be the response of the nerve following wallerian degeneration decrease with increasing disorganization of the neuronal structure. Acute nerve injuries were initially categorized into three types of injuries (neurapraxia, axonotmesis and neurotemesis), and further into five levels (Table 3 ) [90] . Treatment involves operating on severe irreversible lesions within 24-72 h, to reduce fibrosis and nerve retraction [87, 90] .
Imaging can be used to assess the severity of nerve injury, measure its extent and identify muscle degeneration from 48 h onwards and exclude a compressive effect (hematoma or collection) explaining the deficit [87] . However, there are inconsistent reports about the utility of acute phase ultrasound for an open injury. For some authors, ultrasound is the perfect approach offering a detailed analysis of the whole nerve and of its relationships with neighboring structure [91] , whereas others reported a sensitivity of 75% only and a specificity of 91% [92] . Limiting factors are predominantly obesity, posttraumatic edema and a need for a well-trained operator [85] . MRI is mostly limited by its poor spatial resolution, particularly in investigating digital nerve lesions [91] [92] [93] . Ultrasound and MRI appearances are given in details in Table 3 [87] .
Chronic nerve lesions
''Neurogenic'' pain next to or around a surgical scar occurs with an incidence ranging from 10 to 50% [94] . Subcutaneous sensory nerves account for almost 33% of iatrogenic nerve injuries [88] . The main upper limb subcutaneous nerves and types of procedures involved are reviewed in Table 4 .
Causative nerve lesions include neuromas, in continuity (secondary to incomplete division) or terminal discontinuity (secondary to complete division) and scarring fibrous sheathing tightening the nerve endings. Neuroma is a bulbar structure originating from normal healing of a nerve after its division in response to various neurochemical factors [94] . In 3-5% of cases it causes intense neuropathic pain which may be pharmacologically difficult to relieve and a source of incapacity and significant medical and social costs [95, 96] .
Imaging, particularly ultrasound, provides essential information for treatment planning by detailing the exact site of the lesion, the extension and type of neuronal lesion (neuroma or fibrosis) and also its responsibility for pain at the trigger point (Fig. 15) . The treatment of scarring pain due to fibrous perineuronal sheathing mostly involves exoneurolysis.
In conclusion, imaging has now an undisputable role in the assessment of the main causes of upper limb nerve distress. MRI is a useful adjunct for the investigation of nerves and the assessment of the consequences on muscles. However, ultrasound remains the first-line imaging technique because it can provide morphologic and dynamic information. In addition, its unsurpassed spatial resolution allows examination of deep and subcutaneous nerves. New techniques such as elastography and MRI tractography are being investigated but require further studies.
Take-home messages
Carpal tunnel syndrome • Ultrasound is part of a diagnostic approach combining clinical examination and electromyography (EMG). Ultrasound is only indicated in atypical clinical presentation with symptoms due to effort or recurrence/persistence after surgery.
• Ultrasound is used particularly to search for signs of nerve distress and determine the cause of nerve compression.
• Nerve hypertrophy is the most specific ultrasound finding of nerve distress is. The use of a delta crosssectional surface area shows promise because of its excellent diagnostic performance.
• Anisotropism needs to be taken into account when investigating for a mass in the carpal tunnel by ultrasound to detect this within the flexor tendons, whereas scanning mode should be used for the tunnel to its distal end in the palm of the hand. Ulnar tunnel syndrome • Ultrasound is performed routinely after surgery in order to confirm nerve distress, investigate for a compressive mass and estimate nerve stability.
• Although EMG is reliable in localizing, examination of the nerve throughout its length as far as the Guyon's tunnel should be performed routinely in order to not miss an extrinsic mass or neurogenic nerve tumor.
• Nerve stability in flexion should be assessed by a dynamic investigation as, according to some surgeons, this influences the operation technique. Radial tunnel syndrome • Radial nerve distress at the elbow due to compression of its deep branch beneath the Fröhse arcade is a rare cause of lateral epicondylar pain.
• Ultrasound has limited value because of the limited positive predictive value of nerve hypertrophy, which is very often present in asymptomatic people. EMG is poorly sensitive.
• MRI of the elbow is a valuable tool to guide the diagnosis when signs of supinator muscle denervation are present.
Traumatic nerve injuries • Because of its good spatial resolution, ultrasound can be used to provide a detailed assessment of acute and chronic nerve injuries.
• In the acute phase it assesses the type (division, stretching or compression) and extent of the injury. • In the chronic phase it is used to look for a neuroma and determine whether the nerve is partially or totally discontinuous and assesses the extent of any concomitant peripheral fibrosis.
Clinical case
A 71 year-old-woman underwent surgery 6 months ago for clinically typical left carpal tunnel syndrome that was confirmed by EMG. Despite surgery, she consulted 4 months later for persisting similar symptoms. Ultrasound examination was requested (Fig. 16 ).
Questions
1. Would the patient have benefitted from preoperative imaging?
2. Does postoperative ultrasound allow drawing a conclusion regarding persistent nerve distress?
3. In view of ultrasound findings, the patient underwent MRI examination (Fig. 16) . Which of the following proposed diagnoses would you make?
• palmar arthrosynovial cyst of the wrist;
• supernumerary muscle;
• synovitis of the wrist; • algodystrophy; • scarring perineural fibrosis.
Answers
1.
No. According to the March 2013 HAS guidelines imaging is useless in carpal tunnel syndrome when the clinical presentation is typical [30] .
2. No, persistent ultrasound signs of nerve distress appearing as a borderline cross-sectional surface area and hypoechogenicity of the nerve do not allow concluding that the damage is persistent, as moderate thickening of the nerve may be seen during the initial months after surgery [64] [65] [66] [67] . It is difficult to interpret this sign because the patient did not have a reference ultrasound before surgery.
3. Ultrasound and MRI show palmar synovial thickening of the wrist with peripheral enhancement on MRI after intra- venous administration of a gadolinium chelate suggestive of synovitis of the wrist. This clinically unapparent synovitis probably contributed to the development and persistence of the patient symptoms because of the mass effect on the carpal tunnel.
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